Although an important fraction of the world's lakes remains ice-covered during a large pro-22 portion of the year, little is known about the microorganisms that govern the biogeochemical processes occurring under-ice along the stratigraphic redox gradients. Reconstructed genomes 24 provide evidence for anoxygenic photosynthesis involving fixation of carbon using reduced sulphur and iron as an electron donor in the anoxic zone of the sampled lake systems. In addition to 26 anoxygenic photosynthesis, our molecular data reveals novel chemolithoautotrophic organisms and supports the existence of methanotrophs in bottom anoxic waters. Reconstructed genomes 28 matched methanotrophs related to Methylobacter tundripaludum, phototrophic Chloroflexi and p. 2 Chlorobia, as well as lithoautotrophic genomes affiliated to the Betaproteobacteria class and 30 Planctomycetes phylum. Based on our in-depth characterization, complex metabolic interactomes emerge unique to each lake's redox tower and with sulfur, iron and carbon cycling tightly 32 intertwined through chemolithotrophy and anoxygenic photosynthesis. 42 tury [4]. Still, scientific attention remains primarily focused on their ice-free state [5] while lakes frozen temporarily are not put 'on hold' when ice-covered in the winter season. A recent 44 study [6] found that, in twelve small lakes in subarctic Sweden, the CO 2 emitted at ice-melt accounted for 12 to 56% of the annual CO 2 emitted from these lakes. Understanding microbial 46 processes under ice is thus essential to construct accurate models and predict the lake systems' role in global biogeochemical cycles such as those concerning the production of escaping GHGs 48 including CO 2 , CH 4 and N 2 O.
Introduction 34 Lakes around the globe have a pronounced impact on the global carbon cycle [1] [2] . For example, the estimated carbon losses through outgassing and burial from inland waters reach the 36 same magnitude as total global net ecosystem production [2] . Many of the processes related to carbon cycling rest to a large extent on poorly understood microbial processes. Green-house gas 38 (GHG) emissions from seasonally ice-covered water systems at high latitude have been argued to substantially contribute to global GHG production [3] . Moreover, these systems are thought 40 to be particularly sensitive to climate change as future reductions in the duration of ice-cover are estimated to increase annual water body emissions by 20-54% before the end of the cen-p. 4 with CH 4 concentrations above 5 μM. The profiles also indicated accumulation of methane in lake RL with a reading of 150 nM CH 4 . Nevertheless, methane concentrations were highest 88 in the water column just above the sediment layer, reaching far beyond 50 μM in two systems (LB and KT), similar to the maximum concentrations previously reported for boreal lakes [13] . 90 Carbon dioxide followed similar trends with concentrations increasing with depth and maximum values ranging from 0.22 to 0.95 mM in the five systems. 92 Clear differences between the lakes concerning maximum concentrations and profiles of inorganic nutrients and electron acceptors such as oxygen, sulfate and Fe(III) were evident. Lake 94 SB was the most oligotrophic system with very low total organic carbon (TOC) and nutrient concentrations. There was no oxygen gradient, but the water column was oxygenated through-96 out. Surface oxygen concentration close to saturation (13.8 mg/l at 2°C) in RL and SB suggest active oxygenic photosynthesis in these systems. Lakes BT and RL had oxygen concentration 98 below detection limit only in the deepest 1 m, while in LB and KT, which represent the most productive systems as indicated by the bacterial cell numbers (supplementary figure S1), oxy-100 gen was already depleted at 1 m depth from the surface. In the latter two, sulfate concentrations decreased with depth, suggesting the presence of sulfate-based anaerobic respiration. Whereas 102 iron occurred in its reduced form (FeII), it occurred exclusively in its oxidized form (FeIII) in KT with concentrations above 100 μM even in oxygen-depleted layers. 104 These differences in chemical profiles among the studied systems were also reflected in the unique bacterial communities present in individual lakes as assessed by 16S rRNA gene ampli-106 con sequencing. As visualized in the ordination plot in figure 2A, depth profiles of individual lakes grouped within lake with no convergence at any depths. This selection of microbial com-108 munities by the specific conditions of each system is further emphasized by the observation that environmental parameters significantly relate to community patterns. Indeed, pH, Fe(II), Fe(III) 110 and total organic nitrogen (TON) together explained 47% of the observed variability as inferred by a redundancy analysis (p < 0.001). Further evidence is thus provided for the tight link be-112 tween stratigraphic patterns in taxonomic composition and the depth-related variations in redox potential. 114 Overall, 44 phyla of which fifteen candidate phyla were identified across all samples. Proteobacteria, Actinobacteria and Bacteroidetes dominated in the five systems with differences p. 5 among the lakes and distinct stratigraphic patterns as seen in figure 2. The fifteen candidate phyla recruited on average 12.8% of the reads ranging from 2.6 to 28.5% per sample and these per- 118 centages increased toward the lake bottoms, as previously observed [14] . The most prominent vertical redox-gradient related changes were the increase in the relative abundance of Chlorobia 120 and Chloroflexi in KT, and a shift towards Deltaproteobacteria, Candidate division BSV13 and Lentisphaera at intermediate depths in LB. Specific taxonomic groups identified were indicative 122 for aerobic (e.g. family Comamonadaceae) and anaerobic anoxygenic photosynthesis (e.g. phylum Chlorobia, and genus Oscillochloridaceae), recalcitrant polymer degradation (e.g. genera 124 Paludibacter and Chthoniobacter) and methanotrophy (e.g. families Methylococcales, Methylophilaceae and genus Candidatus Methylacidiphilum) as seen in figure 2 and in supplementary 126 figure S3. This detailed taxonomic analysis showed partial concordance with previously described boreal lake communities (for comparison see [14] [15] [16] [8]) 128 Microbial traits along three under ice redox gradients We used the more detailed trait predictions offered by the shotgun-metagenomics technique 130 to infer the functional potential of a multitude of uncultured freshwater prokaryotes and gain insight into their potential role in elemental cycles. Using the chemical information gathered 132 (in particular iron and sulfate concentrations) as well as the bacterial community depth profiles built (in particular the proportions of candidate phyla and other poorly described deep branching 134 taxonomic groups), we chose three systems: LB, KT and BT. We obtained shotgun metagenome libraries resulting in a total of almost 530 million reads ranging from 15.1 to 26.5 million reads 136 per sample. Assembly of individual depth profiles (i.e. individual lakes) resulted in almost 90'000 contigs with a minimum length of 1 kb, as seen in table 1. These contigs recruited 30.6% 138 of the total reads with a range from 22.3 to 44.7% in individual systems. Thus, on average, 70% of the lake's genomic content and the functions associated are not captured, introducing 140 uncertainties in our metabolic trait profiles. More details on the different stages of the sequence processing are offered in online supplementary reports. 142 The final assemblies and mappings were used in combination with hidden Markov models (HMM) similarity searches to provide more information on the functional repertoires along the 144 depth gradients. By screening the assembled metagenomes for genes encoding conserved pro-p. 6 tein family domains (PFAMs) of relevant enzymes (see supplementary table S2) , we aimed to 146 determine the metabolic potential of the key microbial processes in these boreal lakes. Although these annotations are derived from incomplete databases built on results from environments in 148 which the majority of taxa have not been well characterized [17], we were able to note that the predicted functional diversity contained within the under-ice microbial communities was 150 congruent with the taxonomic diversity. We show a strong positive correlation between the functional diversity, as assessed by PFAM annotations, and the taxonomic diversity derived by 152 amplicon sequencing of the 16S rRNA gene in each of the three systems' depth gradients. Indeed, the correlation coefficients were 0.70 in LB, 0.78 in BT Reflecting the unique taxonomic profiles of the individual lakes, the three selected systems 160 were clearly separated when it came to their functional profiles as seen in supplementary figure   S4 . Still, there were common features along the depth profiles as revealed by the progression 162 of genes encoding for methanotrophy, iron and sulfur oxidation-reduction reactions, phenolic compound degradation, anoxygenic photosynthesis and methanogenesis as seen in figure 3. The 164 genes encoding sulfur and iron cycling were notably very abundant and genome equivalence indicated potential for sulfur and iron oxidation or reduction in over 50% of the microorganisms in 166 all samples. The presence of sulfur oxidation genes (sox and dsr), together with steep gradients in sulfate concentrations and identified taxa such as Geobacter, Desulfobulbus and Desulfovib-168 rio, as well as Chlorobium, point to an important role of sulfur cycling in the water column of these freshwater systems. Despite concentrations being much lower than those of marine sys-170 tems, the importance of sulfur cycling has already been suggested for lake sediments [22] . Still, LB and BT were shown to have low sulfate and high iron concentrations as do many lakes in 172 the boreal landscape.
Annotations also revealed genes implicated in the reduction of sulfate/sulfite (dsr) and Fe(III) 174 (fer), as well as denitrification genes (nar, nir, nor and nos) as part of chemolithotrophic redox p. 7 reactions or anaerobic respiration of organic matter. Screening for known genes containing 176 PFAM domains that catalyze the degradation of allochthonous organic matter revealed that the potential to hydrolyze plant polymers (e.g. cellulose and hemicellulose) could be found through-178 out the water column while organisms capable of degrading phenolic compounds (e.g. lignin)
were mainly found in the oxic portion of the water column. 180 Genes involved in several fermentative pathways were detected with a genome equivalence value of approximately 1, indicating more than 1 copy per genome, in the deepest strata of 182 LB and KT, suggesting a high potential for the production of fermentation products in bottom waters of boreal lakes. Likewise, genes encoding the terminal hydrogenase of H 2 -evolving fer-184 mentations (hydA) increased with depth. The abundance of formyltetrahydrofolate synthetase genes (fhs), which encodes the key enzyme of the Acetyl-CoA pathway of homoacetogene-186 sis, was highest just below the ice and the oxycline as seen in figure 3 showing scaled absolute genome equivalent values close to 0.5 [23] . Key genes indicative for methanogenesis in-188 creased with depth together with the fraction of methanogenic Archaea. Three different orders of methanogenic archaea were found, Methanobacteriales, Methanomicrobiales and Methano-190 sarcinales. The first two are hydrogenotrophic, producing CH 4 from H 2 and CO 2 , whereas
Methanosarcinales is metabolically more versatile carrying out hydrogenotrophic, acetoclas-192 tic and methylotrophic methanogenesis. The presence of these different types of methanogens was also verified by the homology to key enzymes described in these processes including with 57 bins passing our quality criteria of more than 60% completeness and less than 10% contamination as assessed by CheckM [30] . Each of these high-quality bins, from now on called 232 metagenome assembled genomes (MAGs), represented a minor portion of the community in each sample as their average coverages ranged from 0.12 to 6.57% of the mapped reads. For p. 9 more details, see the online reports in supplementary material. The energy metabolism of the lakes' microbes was a combination of using all different electron donors available in the wa- 236 ter column with the high quality bins representing a full range of microbial metabolisms from chemolithoautotrophy to photoheterotrophy as seen in figure 4 . 238 First, the 57 MAGs were taxonomically assigned to eleven phyla including Candidate phylum Saccharibacter (TM7), as seen in figure 4 . When present in the MAG, the large and small 240 subunit of the ribosomal RNA were assigned using the naive bayesian classifier [31] to obtain a more detailed taxonomic association, allowing the link with our amplicon data. After this as- In addition to these heterotrophic degraders, we were able to obtain multiple MAGs re-256 lated to previously described bacteria implicated in methanotrophy such as Methylobacter tundripaludum. The multiple genomes obtained related to M. tundripaludum contained pmoABC 258 genes, and encoded for the complete reductive citrate cycle (Arnon-Buchanan cycle, rTCA) and [38], it can be speculated that these organisms combine denitrification with anaerobic methane 262 oxidation, using a pathway similar to that of Candidatus Methylomirabilis oxyfera [26] . This pathway is proposed to include a quinol-dependent nitric oxide reductase (qnor) and a nitric ox-p. 10 ide dismutase (nod) [39] with homologs identified in several of the M. tundripaludum MAGs.
Even though it was shown that under hypoxia such methanotrophs can also use nitrate as ter-266 minal electron acceptor, oxygen seems to be necessary to activate methane by pmo, since no intrinsic oxygen production such as in M. oxyfera was observed [40] . Alternatively, the ability 268 to grow heterotrophically was also implied by the presence of complete glycolysis and TCA cycle in the genomes. Other methanotrophs representing distinct lineages within the bacterial 270 phylum Verrucomicrobia, such as Candidatus Methylacidiphilum, were present in the amplicon dataset but could not be retrieved in the genome reconstructions. 272 It is of note that a partial Chlorobium genome, with the closest relative identified to be where we have very limited knowledge about the metabolic repertoire found in their genomes. 326 By exploring microbial genomes in a high throughput fashion we show that a wide range of metabolic capabilities involving the use of multiple electron donors and acceptors appears to be 328 common in the microbial community in the studied lake systems. In spite of redox metabolic plasticity occurring in microbial community of each system, we found that the majority of or-330 ganisms probably lack the ability to perform multiple sequential redox transformations within a pathway. Further, we revealed variations at the genomic level within and between systems 332 when it came to iron and sulfur cycling, which is further emphasized by specific taxonomic groups proliferating in each lake system. Our genomic data exposes diverse metabolic traits, 334 such as photoferrotrophy, chemolithotrophy and methane oxidation, supporting alternative energy sources in these net-heterotrophic ecosystems, as seen in figure 5. From this first detailed 336 genetic characterization, a complex metabolic system emerges that can be hypothesized to depend on the availability of light as determined by organic matter load, ice thickness, snow cover 338 and weather conditions, as well as the availability of nutrients (e.g. N, P, S, Fe) as determined by the catchment, and, last but not least, by the physical properties (i.e. morphology and hy-340 drology).
As we predict that organisms mediate individual reaction steps in redox pathways these 342 must be linked to form full or short-circuit cycles of elements. Short circuits are for example elemental cycles where the most reduced and oxidized forms are not the most common reaction 344 products. Instead, interconversions of sulfide to elemental sulfur or denitrification from nitrate to nitrite, resulting in products that can be oxidized back to sulfide and nitrate by phototrophs 346 or chemilithotrophs are very commonly encoded in the genomes. Such restricted metabolic potential may give these highly specialized organisms an advantage under the redox conditions 348 at certain depth, even though organisms related to for example Rhodopseudomans palustris with a wide range of metabolic capabilities do co-exist. Overall, the reconstructed depth profile of 350 the lakes allowed us to estimate the degree with which specialized metabolic niches are formed and to quantify the proportion of genomes with the potential to obtain their energy from either 352 light, oxidation of organic molecules, or the oxidation of inorganic molecules.
p. 13
Our findings emphasize that elemental cycles, such as those of sulfur and iron, have the 354 potential to play major roles in the systems and need to be taken into consideration when building biogeochemical models. By contrast, nitrogen cycling seemed to be less widely distributed 356 among the microbes inhabiting frozen boreal lakes, as previously thought, while the importance of methanotrophy-driven systems is corroborated [52] . Based on stable isotope experiments, a 358 pelagic food web largely supported by methane metabolism was already proposed previously 494 We also would like to acknowledge the support given by the SciLifeLab SNP/SEQ facility hosted by Uppsala University in the molecular sequencing steps. Supporting Information Table S1 . Selected PFAMs traits.
Supplementary table S1 is too long and not shown here. It is suited for online distribution 780 after publication and to be viewed within a spreadsheet application. It details the list of PFAMs chosen to be unique to specific pathways.
782 Table S2 . PFAMs found per bin. Supplementary table S2 is 
